Abstract: Multicompartment disks with bumpy edges could be synthesized controllably by dissolving a linear ABC amphiphilic triblock copolymer of polystyrene-b-polybutadiene-b-poly (2-vinylpridine) (PS 440 -b-PBd 1020 -b-P2VP 114 ) in selective solvent mixtures of toluene and methanol. The disk size was controllable by the initial copolymer concentration. Diameter of the disks increased with the increase of the copolymer concentration. Interestingly, through adding a homo-PS to the system morphological transition took place from multicompartment disk with bumpy edges to sphere, and to hollow sphere with bumpy surfaces. Furthermore, the diameters of the hollow spheres increased with the increase of the homo-PS content, whereas the diameters of the hollows remained unchanged. Moreover, the PB block could be cross-linked by UV irradiation, stabilizing the preformed structure.
Introduction
The self-assembly of amphiphiles into various supramolecular assemblies in selective media has been studied extensively within the past decades, not only because of scientific interest but also the continuing demands for their use in a range of nanotechnological applications, including drug delivery, materials, and environmental toxin sequesters [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . A variety of self-assembled objects can be obtained by tuning the parameters of the systems that affect the balance of forces contributing to the free energy of the systems [11] [12] [13] . These include the stretching of the core-forming blocks, the intercoronal interactions, and the interfacial energy between the solvent and the micellar core. Compared with amphiphilic diblock copolymers, ABC triblock copolymers have the advantage to form more complex nanostructures [14] [15] [16] . Synthetic ABC triblock copolymers with three mutually immiscible blocks can serve as a minima model system to create several compartments in one micelle [17] . The hydrophilic block can stabilize the micelle in aqueous media while the other two blocks form segmented domains, which in turn provide distinct chemical environments to store drug molecules, gene therapy agents. For instance, Kubowica, et al., reported the formation of multicompartment micelles from linear ABC triblock copolymers in aqueous medium. These multicompartment micelles composed of a water-soluble shell and a segregated hydrophobic core.
However, a common feature among the self-assembled systems was the coexistence of multiple morphologies. Thus, well control over micellar shape and size is desirable. A promising strategy to tune copolymer micellar structure is blending [17] . For instance, Zhu, et al., has reported that by blending the triblock copolymer of P4VP 43 -b-PS 366 -b-P4VP 43 with pentadecylphenol (PDP) micellar morphologies were well controlled [18] . In previous work, Ma, et al., has successfully synthesized bumpsurface multicompartment micelles from a linear ABC triblock copolymer [19] . Spherical, cylindrical, and discoidal micelles with bumpy surfaces were obtained both in experiment and simulation. In present work, we find that the disks with bumps from ABC triblock copolymer of PS 440 -b-PBd 1020 -b-P2VP 114 (the numbers in subscript being the number average degrees of polymerization) were size controllable when changing the initial copolymer concentration. We also investigated the blends of PS 440 -b-PBd 1020 -b-P2VP 114 /homo-PS. Morphological transitions took place from multicompartment disks with bumpy edges to bumpy-surface spheres, and hollow spheres when increasing the homo-PS content in the mixtures with ABC triblock copolymer. And the diameters of the hollow spheres were controllable by altering the homo-PS content in the blends, whereas the diameters of the hollows remain unchanged.
Results and discussion
The sample used in this paper is a triblock copolymer which has longer middle PB blocks (Fig. 1) . The solvents used here were toluene and methanol which can mix with each other. Toluene is a good solvent for PS and PB blocks while a precipitator for P2VP blocks, methanol is a precipitator for PS and PB blocks while a solvent for P2VP blocks. (Fig. 2b) , which shows the bumps on the edge of the disk clearly. Diameter distribution of the disks is shown in Fig. 3 collected ca. 200 micelles from SEM images. We find that the disks have a relative narrow diameter distribution ranging from ca. 110 nm to 220 nm.
Moreover, the size of the disks is controllable by altering the initial copolymer concentration. Fig. 4 displays three typical TEM images of multicompartment discal micelles with bumpy edges formed from different initial copolymer concentrations stained by RuO 4 vapour. It is obviously seen that the diameter of the disks enlarges with the increase of the initial copolymer concentration. The average diameter of the disks as a function of the initial copolymer concentration is shown in Fig. 5 (collected ca. 200 micelles for each sample from the TEM images). Clearly, the size of the aggregate morphology depends strongly on the initial copolymer concentration. Similar method for controlling the shape and size distribution of the micellar aggregates has been utilized. For example, the vesicle sizes from ABA triblock copolymer have been well controlled by altering the initial copolymer concentration by our group [20] . The effect of changing the initial copolymer concentration on the disk sizes can be understood by considering that the aggregate number (N agg ) is a function of the total copolymer concentration and the critical micellization concentration of the copolymer (cmc) [21] . The relationship can be written as:
In our experiment, at a fixed proportion of toluene to methanol, the initial copolymer concentration is important in determining the diameters of the multicompartment disks. An increase in the copolymer concentration results in an increase in the aggregation number of the micelles [22] . As a result, the dimension of the disks increases accordingly. Moreover, increasing initial copolymer concentration can raise the possibility for the fusion of disks, leading to the increase of disks sizes. Morphological transition will take place when a homo-polymer is blended with the ABC triblock copolymer. Fig. 6 contains a series of TEM micrographs of aggregates prepared in toluene/methanol mixtures (6/4, vol/vol) at a fixed initial copolymer concentration of 1 wt %, but with different amount of homo-PS 317 . In the absence of homo-PS, this system forms discal micelles with bumpy-edges (see Fig. 2 ). With a little addition of homo-PS (2 wt %) to the system, dominant aggregate morphologies are bumpy-surface spheres with a minority of disks (Fig. 6a) . The diameters of the spheres and the bumps are ca. 117.2 nm and 27.3 nm respectively. Thus, it is apparent that addition of homo-PS can trigger morphological transition of the PS-b-PB-b-P2VP assemblies. At a higher homo-PS content (5 wt %) all the multicompartment disks aggregates lose their discal shape forming spheres with a majority of bumps on the surface (Fig. 6b ). This phenomenon indicates that the bumps are likely to be born on a curving surface. The diameters of the spheres and the bumps are ca. 141.5 nm and 26.5 nm respectively. It is obvious that the diameter of the spheres increases, whereas the diameter of the bumps remains unchanged. To obtain proper contrast between the PS and PB phases under TEM, the particles were selectively stained by the OsO 4 vapour. We can see that the PB domains become dark and the bumps comprised of PS blocks become grey from the insert part of Fig. 6b . And a majority of bumps with average radius of 14.0 nm (collected from 100 micelles) appear on the surface of the spherical particles. Moreover, the bumpy and spherical surface of the particles can be further confirmed by the height image of AFM (Figs. 7a-c ). Fig. 7c shows an upswept and bumpy line corresponding to the red-signed line in Fig. 6b which is different from the AFM analysis of the disks with bumpy edges in previous work [19] . This indicates that the particles have lost their discal shape transforming to bumpysurface spheres. The particles will remain their sphericity when the content of homo-PS 317 is below 10 wt % with respect to the triblock copolymer. As the content of homo-PS 317 is increased above 10 wt % morphological transitions will take place from bumpy-surface spheres to hollow spheres. Figs. 6c-f displays the TEM images of spherical particles with different number of hollows inside with the increase of the homo-PS content from 10 wt % to 60 wt % after staining by OsO 4 vapour. It is to be noted that the hollow spheres are not resulted from the efficiency of staining. The presence of holes can be clearly seen from Fig. 8 in which the micelles were prepared without staining. In addition, bumpy-surface spheres with different number of hollows inside them are exhibited in Fig. 9 . Furthermore, we find that the diameters of the hollow spheres increase with the homo-PS content, whereas the diameters of the hollows remain unchanged. The diameters of the hollow spheres and the hollows as a function of the homo-PS content are exhibited in Fig. 10 . It is worth noting that neither vigorous stirring nor ultrasonic vibration can damage the micelles with bumpy surfaces. To test this, the micellar solutions were placed into the ultrasonic bath (frequency 40 kHz, power 50 W) for about 1 h. The micelles with bumpy surfaces remained their original structures without damages.
Dynamic light scattering (DLS) is a convenient way of demonstrating the presence of micelles. Herein, it is used to detect changes of sizes for the aggregates as the homo-PS content is increased. Fig. 11 shows four typical hydrodynamic radius (R h ) distributions of the micelle prepared with different homo-PS contents. We can see that R h increases with the increase of the homo-PS content. It should be mentioned that the values of R h are a little larger than those observed by TEM. A main reason is It has been mentioned that the phase behaviour of the binary blends is primarily governed by the degree of polymerization of the homo-polymer chain (N A ) compared to the copolymer (N AB ) [16] . Three distinct regimes have been identified. Whenever N A < N AB , the homo-polymer tends to be selectively solubilized in the A domains of the AB block copolymer, which results in the swelling of these domains and an increased interfacial area. A transition in the phase has been designated as the 'wetbrush' regime. In the special case where N A ~ N AB , the added A chains are soluble in the A microdomains. They are preferentially localized in the core of these microdomains, the interfacial area of which does not change significantly. This regime is known as the 'dry-brush' regime. If N A > N AB, the A chains are insoluble in the A microdomains, a macrophase separation occurs [23, 24] . The three regimes have also been considered for the formation of aqueous micelles from homo-PS/PS 200 -b-P2VP 140 -b-PEO 590 blends by Lei, et al. They found the experimental observations depend on the average degree of polymerization of homo-PS. And the effect of homo-PS content on the inside morphology of the micelles has also been studied [24] . 
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The first regime is considered in our study for the formation of aqueous micelles from homo-PS 317 /PS 440 -b-PBd 1020 -b-P2VP 114 blends in the mixtures of toluene and methanol. Herein, the polymerization of the homo-PS 317 is lower compared with that of PS blocks in PS 440 -b-PBd 1020 -b-P2VP 114 . In this wet-brush regime, homo-PS 317 tends to penetrate into the inside microdomain that are formed by the PS blocks of the copolymer. The penetrated homo-PS 317 swells the PS blocks and increases interfacial area per blocks [25, 26] . The particles will lose their discal shape transforming to sphericity. And the PS blocks will collapse on the curving interface of the particles forming the bumps. When the content of homo-PS 317 is further increased, the diameter of the spheres will increase. From Fig. 6c it is clear that when the homo-PS content is beyond a critical value, i.e., 10 wt %, the shells of the hollows comprised of PB blocks become dark. This indicates that some PB blocks have stretched to the inside of the particles due to the enlargement of the spheres. And phase separation takes place between the homo-PS and PB blocks inside the particles leading to the formation of the hollows. With the further increase of the homo-PS content, the number of hollows increases. It is worth noting that these micelles with bumpy surfaces are stable even under ultrasonic condition for half an hour.
Conclusions
This paper has demonstrated that PS-b-PB-b-P2VP triblock copolymer selfassembles in selective solvent mixtures of toluene and methanol with formation of multicompartment disk with bumpy edges. These disks are size controllable by changing the initial copolymer concentration. Interestingly, morphological transition takes place from multicompartment disks with bumpy edges to multicompartment spheres and hollow spheres with bumpy surfaces by blending a homo-PS with the ABC triblock copolymer. Moreover, the diameter of the hollow spheres increases with the increase of the homo-PS concentration, whereas the diameter of the hollows remains unchanged.
Experimental part
The linear ABC amphiphilic triblock copolymer of PS 440 -b-PBd 1020 -b-P2VP 114 (M n = 112900 g/mol, PDI = 1.06) and PS 317 homo-polystyrene (M n =33000g/mol, PDI=1.04) (the numbers in subscript being the number average degrees of polymerization) were purchased from Polymer Source Inc., Canada.
To prepare the homo-PS free micelles, the triblock copolymer was directly dissolved in 1 ml solvent mixtures of toluene and methanol (6/4, vol/vol). For the preparation of the micelles by adding homo-PS, the mixtures of PS 440 -b-PBd 1020 -b-P2VP 114 and different content of homo-PS were directly dissolved in 1 ml solvent mixtures of toluene and methanol (6/4, vol/vol). The content of homo-PS will be referred to as the wt % with respect to copolymer amount. After stirring for one day the solutions were irradiated using a UV generator with the wavelength of 254 nm for 10 h, in order to stabilize the aggregates. The micellar structures appear to be indistinguishable before and after being cross-linked by UV irradiation.
Transmission electron microscopy (TEM) observations were carried out with JEOL JEM-1011 operating at 100 kV. For the micellar aggregates prepared in toluene and methanol, a drop of the micellar solution was placed onto a TEM copper grid covered by a polymer support film pre-coated with carbon thin film in a liquid nitrogen environment to freeze the samples. Experiments performed at room temperature yielded lesser quality specimens due to the fast evaporation of toluene and methanol.
Excess solution was blotted away using a strip of filter paper. The frozen samples were subsequently freeze-dried under vacuum. To enhance the electron density contrast between the three blocks, uncross-linked samples were contrasted by exposure to RuO4 or OsO4 vapor.
SEM measurements were performed on a XL 30 E-SEM (FEG, Micrion FEI PHILIPS) operated at an acceleration voltage of 20kV. AFM observation was operated at the tapping mode with an SPI3800 controller (Seiko instruments Industry Co. Ltd.). To prepare the samples for SEM and AFM, a drop of the micellar solution was placed on the silicon wafers in liquid nitrogen environment to freeze the samples. These were freeze-dried in vacuum and stored before observation. Prior to coating, the silicon substrates were cleaned in a bath of 100 ml of 80 % H 2 SO 4 , 35 ml of H 2 O 2 , and 15 ml of deionized water for 15 min at 80 0 C and rinsed several times in deionized water. The silicon surface was then dried with compressed nitrogen gas. The samples for SEM observation were coated with a thin layer of gold (Au). The Au layer coating time and density for all of the samples were measured under same condition to reduce the standard error of the measurement.
Dynamic Light scattering (DLS) is a convenient method of characterizing polymer colloid solutions, which can give the hydrodynamic radius (R h ). In this study, DLS experiment was performed on Multi-angle Light Scattering (MALS) equipped with a digital correlator (QELS (690 nm)) at 90 . All DLS measurements were performed at room temperature.
